Background: Extracellular stimulation of cells with growth factors such as epidermal growth factor (EGF) induces cell proliferation and cell transformation. Although fibroblast growth factor (FGF) is a well-known family member of growth factors and acts as a ligand of FGF receptor (FGFR), a receptor tyrosine kinase, in cytoplasmic membrane, the tumor promoter potential of FGF has not been clearly understood.
INTRODUCTION
The mammalian fibroblast growth factor (FGF) family consists of 18 ligands that bind to four highly conserved transmembrane tyrosine kinase receptors (FGF receptor [FGFR] 1-4). 1 The specific and the intracellular signaling produced by EGF and EGFR interaction is mainly mediated through the Ras-Raf-MEK-MAPK and PI3K-PTEN-AKT signaling pathways. 7 Notably, the EGFR signaling pathway plays key roles in cell proliferation, cell transformation, angiogenesis and metastasis. 8, 9 Although FGF induces cell proliferation, the role of FGF in cell transformation has not been clearly understood. Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one), a major flavonoid component of plants and dietary foods including broccoli, cabbage, tomato and kale, contains the antioxidant, anti-inflammatory, antimicrobial, anticancer, cardioprotective, neuroprotective, antidiabetic, antiosteoporotic, estrogenic/antiestrogenic, anxiolytic, analgesic and antiallergic activities. [10] [11] [12] [13] [14] [15] Previous studies have demonstrated the chemopreventive/chemotherapeutic effects of kaempferol in various human cancers including those of the ovary, prostate, bladder, colon and skin. 10, 11, [16] [17] [18] Our previous results demonstrated that kaempferol directly targets the NH2-terminal kinase domain of RSK2, resulting in the inhibition of EGF-induced cell proliferation, neoplastic cell transformation and RSK2-mediated cancer cell proliferation. 19, 20 Recent studies demonstrated that kaempferol inhibited MSK1 kinase activity by targeting an active pocket, 21 suggesting that kaempferol may have other target molecules. In this study, we demonstrated that FGF strongly induced anchorage-independent cell transformation by stimulation of G1/S cell cycle transition. Moreover, we found that kaempferol inhibited the phosphorylation of FGFR, resulting in inhibition of FGF-induced cell proliferation and transformation by suppression of a non-canonical signaling pathway which is different from the signaling pathway induced by EGF stimulation in cell proliferation and transformation.
MATERIALS AND METHODS

Reagents and antibodies
Tris, NaCl, sodium dodecyl sulfate (SDS) and buffer preparations were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell culture medium and other supplements were purchased from Life Science Technologies (Rockville, MD, USA). Antibodies for the Western blot analysis were from Cell Signaling Technology (Beverly, MA, USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA) or Upstate Biotechnology (Lake Placid, NY, USA). Human FGF and EGF were purchased from BD Sciences (San Jose, CA, USA). Kaempferol, 4'-N-benzoyl staurosporine (PKC412), 2-(2'-amino-3'-methoxyphenyl)oxanaphthalen-4-one (PD98059) and 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126) were obtained from Sigma-Aldrich. The antibodies against total activating transcription factor (ATF)-1 and -actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and phospho-ATF1 antibody was obtained from Abcam (Cambridge, MA, USA).
3-(
) were seeded into 96-well plates in 100 l of 5% fetal bovine serum-minimal essential medium, cultured for 2 hours at 37 o C in a 5% CO2 incubator, and then at 0 hour, the absorbance was measured at optical density of 492 nm and 690 nm using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium-based Cell Titer 96 ® Aqueous One Solution according to manufacturer's suggested protocols (Promega, Madison, WI, USA). Briefly, the cells in each well were added 20 l of MTS solution and incubated for 1 hour at 37 o C in a 5% CO2 incubator. The reaction was stopped by adding 25 ul of 10% SDS solution to each well and the absorbance was measured immediately at 492 and 690 nm. The inhibitory effects of kaempferol on the cell proliferation were evaluated by comparing the absorbance of a vehicle-treated control group over 72 hours at 24-hour intervals.
3. Anchorage-independent cell transformation assay EGF-or FGF-induced cell transformation was examined in the JB6 Cl41 cells. Briefly, cells (8 × 10 3 /ml) were exposed to EGF or FGF (0.1-10 ng/ml) in 1 ml of 0.3% basal medium Eagle agar containing 10% fetal bovine serum. The cultures were maintained in a 37°C, 5% CO2 incubator for 2 weeks and the colonies were scored using an ECLIPSE Ti inverted microscope and the NIS-Elements AR (V. 4.0) computer software program (NIKON Instruments Korea, Seoul, Korea) as described previously. 
Western blotting
Samples containing equal amount of protein were resolved by 8-10% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. The membranes were blocked in a blocking buffer containing 5% skim milk and probed with specific antibodies against phospho-ERK, total-ERK, phospho-RSK, total-RSK, phospho-RSK2 Tyr529, phospho-ATF-1, and total-ATF-1 (Cell Signaling Technology, Beverly, MA, USA). Western blots were visualized with an enhanced chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ, USA) using a Chemidoc XRS imager system (Bio-Rad Laboratories, Hercules, CA, USA). 
Immunocytofluorescence
In vitro kinase assay
His-RSK2-327-740 truncated fusion proteins were purified from uridine 5'-diphospho-N-acetylmuramoyl-L-alanyl-D-glutamate:L-lysine ligase using the Ni 2+-nitrilotriacetic acid agarose beads (Qiagen Korea Ltd., Seoul, Korea). Active kinase domain of FGFR (20 ng), and 100 M of cold adenosine triphosphate were combined with the indicated concentrations of kaempferol in 20 l of the reaction mixture. The kinase reaction was carried out at 30 o C for 30 minutes and stopped by adding 6X SDS-sample buffer and boiling. The proteins were resolved in SDS-polyacrylamide gel electrophoresis and visualized by Western blotting using the specific antibodies as indicated.
RESULTS
Fibroblast growth factor acted as a tumor promoter
FGF is a growth factor enhancing the fibroblast proliferation through the activation of receptor tyrosine kinases in the cytoplasmic membrane as shown in EGF. 2 However, the direct evidence for the roles of FGF as a tumor promoter has not been clearly understood. To examine the roles of FGF as a tumor promoter, we analyzed and compared the signaling protein profiles upon stimulation with EGF and FGF. We found that FGF stimulation induced ERKs phosphorylation (Fig. 1A ). Interestingly, the highest level of ERKs phosphorylation at 15 minutes was decreased gradually to 30 minutes and disappeared at 60 minutes by EGF stimulation (Fig. 1A ). In contrast, FGF stimulation continued to increase the phosphorylation of ERKs by 60 minutes (Fig. 1A) . The phosphorylation pattern of p90RSKs (RSKs) at Thr359/Ser363 was correlated with that of ERKs (Fig. 1A) . In a FGF-induced cell proliferation assay, we found that FGF induced the cell proliferation of JB6 Cl41 in a dose-dependent manner (Fig.  1B) . Notably, FGF stimulation suppressed the G1/G0 cell cycle phase and induced the S cell cycle phase (Fig. 1C) . Importantly, when JB6 Cl41 cells were stimulated with FGF in soft agar, the number of colony increased in a dose-dependent manner (Fig.  1D ). These results demonstrated that FGF acted as a tumor promoter.
Kaempferol targeted and inhibited kinase activity of fibroblast growth factor receptor
A recent study demonstrated that RSK2 Tyr529 is a target amino acid of FGFR3. 23 To confirm, we conducted Western blotting with the FGF-stimulated membrane fraction proteins from JB6 Cl41 cells using a phopsho-RSK2 Tyr529 antibody as used in previous report. 23 Surprisingly, we found that molecular weight of detected bands by phospho-RSK2 Tyr529 antibody was different from the RSK2 protein band which was detected at about 90 kDa ( Fig. 2A) . To confirm whether phospho-RSK2 Tyr529 antibody can recognize the RSK2 phosphorylation at Tyr529 or not, we conducted an in vitro kinase assay using an active FGFR3 kinase and purified His-RSK2 fusion protein harboring amino acid 327-740. We found that phospho-RSK2 Tyr529 antibody recognized the FGFR3 kinase domain, but not RSK2 (Fig. 2B, upper  panel) . Importantly, we further found that Western blotting using combination of His and phospho-RSK2 Tyr529 antibodies detected FGFR3 and His-RSK2 proteins at different molecular masses (Fig. 2B, bottom panel) . These results demonstrated that the band detected by phospho-RSK2 Tyr529 antibody was ) were seeded into 100-mm culture dishes, starved and stimulated with FGF and/or kaempferol as indicated. The membrane proteins were extracted, hybridized with phospho-RSK2 Tyr529 and total RSK2 antibodies as indicated, and visualized by Western blotting using HRP-conjugated secondary antibody. -actin was used as an internal control to verify the equal protein loading. (D) Kaempferol inhibits FGFR3 phosphorylation and total RSK2 protein level. The pBabe-puro-RSK2 was infected into RSK2
-/-MEFs and membrane proteins were extracted. The phospho-FGFR3 and total RSK2 proteins were visualized by Western blotting using specific antibodies as indicated. E-cardherin was used as an internal control to verify the equal protein loading of membrane fraction proteins. (E) Signaling profiles of FGFR3/RSK2 signaling axis by FGF stimulation. JB6 Cl41 cells were stimulated starved and stimulated with FGF with combination of chemical inhibitors as indicated. The membrane and cytosolic fraction proteins were extracted, and each protein was visualized by Western blotting using specific antibodies as indicated. -Actin was used as an internal control to verify the equal protein loading. phosphorylated FGFR3, but not RSK2. To confirm whether phospho-RSK2 Tyr529 antibody can recognize RSK2 in ex vivo or not, we conducted Western blotting using membrane fraction proteins extracted from RSK2 +/+ and RSK2 -/-mouse embryonic fibroblasts (MEFs). We found that phospho-RSK2 Tyr529 antibody detected a band in both RSK2 +/+ and RSK2 -/-MEFs (Fig. 2C, top   panel) . Notably, total-RSK2 antibody detected a single band in RSK2 +/+ MEFs, but not RSK2 -/-MEFs (Fig. 2C, 2 nd panel). To compare the molecular masses between these two bands, we re-blotted the membrane with phospho-RSK2 Tyr529 and total-RSK2 antibodies. We found that phospho-RSK2 Tyr529 antibody detected 110-120 kDa bands which are the same size of FGFR3 in were seeded into 4-chamber slides, starved stimulated with the combination of FGF and indicated doses of kaempferol, fixed, and permeabilized. The phospho-ATF-1 proteins were visualized by immunocytofluorescence assay using phospho-ATF-1 Ser63 and Alexa-568-conjugated secondary antibodies under a fluorescence microscope. 4,6-diamidino-2-phenylindole (DAPI) was used for nuclear staining.
both RSK2
+/+ and RSK2 -/-MEFs (Fig. 2C, (Fig. 2D, top panel) . By the molecular weight comparison, we confirmed that the bands recognized by phospho-RSK2 Tyr529 and total-RSK2 antibodies harbored different molecular masses as indicated in Fig. 2C (Fig. 2D,  bottom panel) . Thus, we concluded that the band detected by phospho-RSK2 Tyr529 antibody was the phosphorylated FGFR3, but not phospho-RSK2 at Tyr529. Importantly, we found that the FGF-induced FGFR3 phosphorylation was suppressed by kaempferol treatment in a dose dependent manner (Fig. 2C and  2D ). Our results suggest that EGF and FGF stimulation may use different signaling pathways (Fig. 1A) . To test this speculation, we carried out the Western blotting by treatment of PKC412, a pan kinase inhibitor of receptor tyrosine kinases, PD98059, a MEK inhibitor, or kaempferol together with FGF. We found that phosphorylation of ERKs induced by FGF was slightly suppressed by PKC412, but not by PD98059, and was increased by kaempferol treatment (Fig. 2E) . Interestingly, phosphorylation of RSKs at Thr359/Ser363 induced by FGF was inhibited by PKC412, and was not changeable by PD98059 and kaempferol (Fig. 2E) . Notably, ) were mixed with indicated doses of kaempferol, FGF and top agar, and plated onto bottom agar of 6-well plates as described in "Materials and Methods". The cells were cultured for 2 weeks, and colony growth was observed and counted under an inverted microscope. Data are presented as the mean ± S.D. of values from triplicate experiments and statistical significance was determined using the Student's t-test (*P < 0.05).
(B, C) EGF and FGF utilize the different signaling pathways to induce anchorage-independent cell transformation in JB6 Cl41 cells. JB6 Cl41 cells (8 × 10 3 ) were mixed with chemical compounds as indicated together with EGF (B) or FGF (C), and plated onto bottom agar of 6-well plates as described in "Materials and Methods". The cells were cultured for 2 weeks and colony growth was observed and counted under an inverted microscope. Data are presented as the mean ± S.D. of values from triplicate experiments and statistical significance was determined using the Student's t-test (*P < 0.05).
FGF-induced ATF-1 phosphorylation was correlated with the phosphorylation of RSKs at Thr359 and Ser363 (Fig. 2E) . Taken together, these results demonstrated that the bands detected by phospho-RSK2 Tyr529 antibody were a phospho-FGFR3, and the FGF-induced signaling pathway was different from the canonical signaling pathway mediated by receptor tyrosine kinases such as EGF.
3. Fibroblast growth factor signaling to RSK2 induced G1/S cell cycle transition and activating transcription factor-1 nuclear accumulation
To verify that kaempferol inhibits phosphorylation of FGFR3 induced by FGF, we conducted Western blotting by treatment of cells with PKC412, PD98059 or kaempferol together with FGF using membrane fraction proteins. We found that phosphorylation of FGFR3 was suppressed by PKC412, but not changed by PD98059 (Fig. 3A) . Importantly, FGF-induced FGFR phosphorylation was dramatically suppressed by kaempferol treatment as PKC412 treatment (Fig. 3A) . Furthermore, the cell cycle distribution analysis indicated that kaempferol and U0126 induced G1/G0 cell cycle accumulation and S-phase suppression (Fig. 3B) , which were quite different from the patterns of cell cycle distribution shown in PKC412 or PD98059 treatment (Fig. 3B) . Interestingly, kaempferol suppressed the nuclear accumulation of phosphorylated ATF-1 at Ser63 (Fig. 3C) . These results suggested that kaempferol may target FGFR, and the FGF-induced signaling pathway may be different from the signaling pathway induced by EGF.
Kaempferol inhibited anchorage-independent cell transformation induced by fibroblast growth factor
To examine the effects of kaempferol on FGF-induced neoplastic cell transformation, we conducted a soft agar assay. Kaempferol inhibited FGF-induced anchorage-independent cell transformation in a dose-dependent manner (Fig. 4A) . To compare the EGF-and FGF-induced signaling pathways involved in cell transformation, we treated cells with kaempferol, PKC412, PD98059 or U0126 together with EGF (Fig. 4B) or FGF (Fig. 4C) . We found that EGF-induced anchorage-independent cell transformation was suppressed by treatment with kaempferol, PKC412, PD98059 and U0126 (Fig. 4B) . Notably, FGF-induced cell transformation was suppressed by kaempferol or PKC412 treatment, but not by PD98059 or U0126 (Fig. 4C) . Taken together, these results demonstrated that the FGF-mediated signaling pathway involved in cell proliferation and transformation utilized a non-canonical signaling pathway(s), which is not observed in the stimulation with growth factors such as EGF.
DISCUSSION
FGF is a growth factor which regulates the proliferation of fibroblasts in human body. 4 The signaling of FGF through the FGFRs, a receptor tyrosine kinase family harboring the single transmembrane domain, activates the mitogen-activated protein kinase signaling pathway. 5 Because FGF acts as a mitogen, FGF might play an important role in fibroblast proliferation and transformation. However, there is little known about the roles of FGF as a tumor promoter. In this study, we provided concrete evidence that FGF induced cell proliferation and anchorageindependent cell transformation in JB6 Cl41 cells (Fig. 1) . By comparison of the phosphorylated protein profiles stimulated by EGF, 19 we confirmed that FGF also activates the MAP kinase signaling pathway including ERKs and RSKs (Fig. 1) . However, the FGF-mediated signaling pathway might be different from the EGF-induced signaling pathway. The conclusion was obtained by use of the chemical inhibitors including PKC412, a pan inhibitor of receptor tyrosine kinase, PD98059, a MEKs inhibitor, and kaempferol, a RSK2 inhibitor (Fig. 2E) . When the cells synchronized at G0/G1cell cycle phase by starvation were released by FGF, we found that U0126 and kaempferol inhibited G1/S cell cycle transition, resulting in the G1 cell cycle accumulation (Fig. 3B) . Unexpectedly, when cells were treated with PD98059 or PKC412 in the presence of FGF, PD98059 showed the suppression of G1 phase cell population and induction of S phase cell population, and PKC412 showed the reduction of G1 phase cell population and induction of G2/M phase cell population (Fig. 3B) . Interestingly, kaempferol reduced the FGFinduced FGFR phosphorylation and the total RSK2 protein level ex vivo (Fig. 2C) . Previous report indicated that RSK2 is a substrate of FGFR3. 23 Interestingly, we found that the phospho-RSK2
Tyr529 antibody recognized the phospho-FGFR3, but not the phosphorylated RSK2 at Tyr529 in vitro (Fig. 2B) . These results were confirmed ex vivo that the phospho-RSK2 Tyr529 antibody recognized protein bands of same molecular weight to FGFR in both RSK2 +/+ and RSK2 -/-MEFs ( Fig. 2A) . Notably, RSK2 protein bands were observed at different molecular weight detected by phospho-RSK2 Tyr529 antibody in RSK2 +/+ MEFs, but not in RSK2
-/-MEFs (Fig. 2C) . Importantly, the band intensities increased by FGF stimulation were decreased by kaempferol treatment in a dose dependent manner ( Fig. 2C and 2D ). Taken together, these results demonstrated that the bands recognized by the phospho-RSK2 Tyr529 antibody were a phosphorylated FGFR3, but not phospho-RSK2 Tyr529. Unfortunately, the antibody is currently not available in market. Our previous results demonstrated that kaempferol, a natural compound contained in many dietary plants including green leaves of green onion, berries and endives, inhibited the N-terminal kinase activity of RSK2 by targeting the active pocket with about 7 M of the half-maximal inhibitory concentration value. 20 These results suggest that kaempferol might target the kinase domains of FGFR3 and RSK2. This hypothesis was supported by our results that phosphorylation of RSKs at Thr359/Ser363 was correlated with phosphorylation of ATF-1, a substrate of RSK2, 24 induced by FGF ( Fig. 2E ) and nuclear accumulation of ATF-1 phosphorylated at Ser63 (Fig. 3C) , which played an important role in neoplastic cell transformation. 24 Another important finding was obtained by comparison of signaling pathway utilization between EGF and FGF involved in anchorage-independent cell transformation (Fig. 4) . Our results clearly showed that EGF-induced neoplastic cell transformation was inhibited by the chemical inhibitors including kaempferol, PKC412, PD98059 and U0126, respectively (Fig. 4B) . In contrast, FGF-induced neoplastic cell transformation in soft agar was inhibited by kaempferol and PKC412, but not by U0126 and PD98059 (Fig. 4C) . Additionally, FGF-induced colony formation in soft agar was more increased by PD98059 or U0126 compared with FGF alone (Fig. 4C) . Our results demonstrated that the FGF-mediated signaling pathway to induce cell proliferation and transformation is different from the canonical signaling pathway induced by EGF. Taken together, we conclude that dual targeting of RSK2 and FGFR3 is sufficient enough to inhibit FGF-induced cell proliferation and neoplastic cell transformation by kaempferol.
